The development of topographic maps in the primary visual system is thought to rely on a combination of EphA/ephrin-A interactions and patterned neural activity. Here, we characterize the retinogeniculate and retinocollicular maps of mice mutant for ephrins-A2, -A3, and -A5 (the three ephrin-As expressed in the mouse visual system), mice mutant for the ␤2 subunit of the nicotinic acetylcholine receptor (that lack early patterned retinal activity), and mice mutant for both ephrin-As and ␤2. We also provide the first comprehensive anatomical description of the topographic connections between the retina and the dorsal lateral geniculate nucleus. We find that, although ephrin-A2/A3/A5 triple knock-out mice have severe mapping defects in both projections, they do not completely lack topography. Mice lacking ␤2-dependent retinal activity have nearly normal topography but fail to refine axonal arbors. Mice mutant for both ephrin-As and ␤2 have synergistic mapping defects that result in a near absence of map in the retinocollicular projection; however, the retinogeniculate projection is not as severely disrupted as the retinocollicular projection is in these mutants. These results show that ephrin-As and patterned retinal activity act together to establish topographic maps, and demonstrate that midbrain and forebrain connections have a differential requirement for ephrin-As and patterned retinal activity in topographic map development.
Introduction
Most axonal connections in the CNS are mapped topographically, whereby nearest neighbor relationships of projecting neurons are maintained in their connections within target areas. In this manner, spatial information of inputs is preserved as it is transferred from one area of the nervous system to another. A long-standing model used to study how topographic maps develop is the primary visual system, in particular the retinal projections to the superior colliculus (SC), a two-dimensional (2-D) structure in the midbrain, and the dorsal lateral geniculate nucleus (dLGN), a three-dimensional (3-D) structure in the dorsal thalamus. Topographic mapping along the nasal-temporal (N-T) axis of the visual field onto each of its targets has been postulated to require both EphA/ephrin-A signaling and correlated neural activity (Lemke and Reber, 2005; McLaughlin and O'Leary, 2005) . EphA receptor tyrosine kinases and their membrane-bound binding partners, ephrin-As, are axon guidance molecules that are expressed in gradients along the N-T mapping axis throughout the mouse visual system (Flanagan, 2006 ) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Mice mutant for ephrins-A2 and -A5 (Frisén et al., 1998; Feldheim et al., 2000) , EphA5 (Feldheim et al., 2004) , and EphA7 (Rashid et al., 2005) all have topographic mapping defects along the anterior-posterior (A-P) axis of the SC; however, in none of these mutants is topography completely abolished.
Correlated neural activity is thought to act by Hebbian mechanisms, in which neurons with similar activity patterns are likely to synapse together (Torborg and Feller, 2005) . During the first postnatal week in mice, correlations in retinal ganglion cell (RGC) firing arise from nicotinic acetylcholine receptor (nAChR)-dependent retinal waves; in the absence of the ␤2 subunit of this receptor, waves are disrupted, resulting in minor N-T topographic mapping errors in both the retinocollicular and retinogeniculate projections (Rossi et al., 2001; Grubb et al., 2003; McLaughlin et al., 2003; Cang et al., 2005b; Chandrasekaran et al., 2005) . These mapping errors raise the possibility that the remaining topography observed in ephrin-A2/A5 double knock-outs (dkos) could be partly attributable to the presence of patterned retinal activity.
Previously, we have shown that ephrin-As and neural activity have separable activities with respect to the formation of the stereotypical pattern of eye-specific layers in the dLGN (Pfeiffenberger et al., 2005) . Early in development, the projection of each eye overlaps in the dLGN, but then segregates, creating eyespecific layers. Inhibition of all activity or removal of ␤2-dependent patterned retinal activity prevents the segregation of RGC axons into layers (Shatz and Stryker, 1988; Penn et al., 1998; Huberman et al., 2002; Muir-Robinson et al., 2002) , whereas loss or gain of EphA/ephrin-A function leads to defects in layer placement within the dLGN, but eye-specific segregation still occurs (Huberman et al., 2005; Pfeiffenberger et al., 2005) . Inhibition of retinal waves in ephrin-A2/A3/A5 triple knock-outs (tkos) results in a dLGN in which both layer placement and eye segregation are disrupted (Pfeiffenberger et al., 2005) .
Here, we compare the retinocollicular and retinogeniculate topographic maps of adult wild-type mice, mice missing ephrinAs, ␤2, or a combination of ephrin-As and ␤2. We find that ephrin-A2/A3/A5 tko mice have more severe mapping defects than ephrin-A2/A5-dko-␤2 ϩ/Ϫ mice, demonstrating a role for ephrin-A3 in topographic mapping. We also find that the ephrin-A2/A3/A5 tko mapping defects are more severe in the SC than in the dLGN, suggesting a differential requirement for ephrin-As in these two areas. Finally, we observe that, whereas ␤2 mutant mice have more diffuse terminations in the dLGN and SC than wildtype mice, mice missing both ephrins-A2/A5 and ␤2 have a near absence of map in the SC. These results show that ephrin-As and patterned retinal activity act together to establish topographic maps in the visual system, and that in the absence of these developmental cues, mistakes in mapping persist into adulthood. They also suggest a differential requirement for ephrin-As and patterned retinal activity between midbrain and forebrain visual map development.
Materials and Methods
Animal care and genotyping. Mice were maintained in the animal facility at the University of California at Santa Cruz (UCSC) and used in accordance with protocols approved by the UCSC Institutional Animal Care and Use Committee. Wild-type mice were from the C57BL/6 strain. Ephrin-A2, -A3, -A5, and ␤2 mutations were genotyped as previously described (Frisén et al., 1998; Xu et al., 1999; Feldheim et al., 2000; Cutforth et al., 2003) .
Axon tracing. Adult mice [postnatal day 33 (P33) or older] were anesthetized and injected in one eye with 0.1-1 l of 10% 1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate (DiI) (Invitrogen, Eugene, OR) in N, N-dimethyl formamide, and in the other eye with 2-3 l of a 2 mg/ml solution of cholera toxin B-Alexa Fluor 488 (Invitrogen) in PBS using a pulled micropipette with a Picospritzer III pressure injection system (Parker Hannifin Corporation, Cleveland, OH). On average, DiI injections labeled 1.75 Ϯ 0.81% (n ϭ 37 mice) of the total retinal area, corresponding to an area encompassing ϳ1000 RGCs as judged by the fact that we see 19 Pax6-positive cells per 2500 m 2 in the RGC layer of the retina (C. Pfeiffenberger, unpublished observations). However, it is estimated that only ϳ40% of RGC axons become labeled after DiI injection, so we estimate that we label ϳ400 RGCs per injection (Simon and O'Leary, 1992) . DiI injections were positioned in the retina based on the landmarks of the head and were confirmed by the location of SC termination zones (TZs) in wild type. Mice were killed 1 week later (older than P40) and intercardially perfused with 4% paraformaldehyde in PBS. Brains were dissected out, and the cortex covering the SC was removed. Images of whole-mount SCs were captured with an AxioCam Hrm digital camera through a 2.5ϫ objective on an Axioskop 2 Plus microscope (Zeiss, Oberkochen, Germany), blind to genotype. Brains were then embedded in 2-3% agarose (Sigma, St. Louis, MO) in PBS and 200 m coronal or 100 m horizontal sections were cut using a vibratome (World Precision Instruments, Sarasota, FL). Brain sections were imaged similarly to whole-mount SCs, but through a 10ϫ objective.
Retinas. Injected retinas were dissected and flat mounted on glass slides with Fluoromount-G (Southern Biotechnology, Birmingham, AL). Images were captured as above with a 2.5ϫ objective. Retinal tracings were performed using inkscape (www.inkscape.org).
Quantification and representation of data. Images of whole-mount SC were opened in ImageJ and background was reduced with a 100-pixel rolling ball filter. The SC contralateral to the DiI injection was isolated, and an intensity plot was taken of a rectangular region of one-third of the lateral-medial (L-M) width of the SC and a length equal to the longest A-P dimension. All intensity plots were normalized to an A-P length of 349 pixels, and the intensities were normalized such that all peak intensities of each genotype equal the mean peak intensity value of that group. For numerical comparisons, the distance from the anterior edge of the SC to the center of each TZ was divided by the longest A-P dimension of the SC, and multiplied by 100. The dimensions of the long and short axes of dLGN coronal sections were altered in ImageJ to match the sectionspecific templates (see Fig. 2C ). TZ positions were defined by a coordinate system using the long and short dLGN axes of a coronal section, in which the distances from the most dorsal-medial (DM) and dorsallateral (DL) points of the dLGN to the center of the TZ were divided by the length of the long and short axes of the dLGN, respectively. TZ positions were represented on diagrams either by a dot representing the TZ center (see Figs. 2, 4) , or by color-coded TZ outlines (see Figs. 6, 7) . To determine temporal-ventral (TV) ipsilateral TZ length, the section with the longest TZ was chosen and the DM-ventral-lateral (VL) or A-P length was measured and divided by the total coronal DM-VL length or horizontal A-P length.
A-P position information in the dLGN was determined by measuring the distance from the anterior edge of a horizontal dLGN section to the anterior and posterior edges of each TZ. The distances were then divided by the total A-P length of that section. For nasal-ventral (NV) injections, the section with the longest TZ along the A-P axis was chosen for analysis and graphical comparison. For nasal-dorsal (ND) injections, the two most ventral sections were treated as one section, in which the dLGN A-P length of the two sections were added together, as were the A-P lengths of the TZ in each section. In ephrin-A2/A3/A5 tkos, the lengths of only the anterior TZs in each section were added together, whereas the posterior TZ was considered alone. For TV ipsilateral projections, only the distance to the anterior edge of each TZ was used to define A-P position.
In situ RNA hybridization. Antisense and sense digoxigenin-labeled RNA probes for ephrin-A2 (nucleotides 102-627 of the open reading frame), ephrin-A3 (nucleotides 102-682 of the open reading frame), and EphA4 (nucleotides 402-786 of the open reading frame) were used for frozen section in situ hybridization as described previously (Feldheim et al., 1998) . Images of stained sections were captured with a cool-pix digital camera (Nikon, Tokyo, Japan) mounted on a dissecting microscope.
Results

Ephrin-A3 participates in retinocollicular mapping
Ephrins-A2 and -A5 are required to establish the topographic map from the N-T retinal axis to the A-P axis of the SC; however, topography is not completely abolished in ephrin-A2/A5 dkos, suggesting that additional factor(s) play a role in the mapping of this axis (Feldheim et al., 2000) . Previously, we showed that ephrin-A3 is expressed in both the lateral geniculate nucleus (LGN) and VI primary visual cortex during development (Cang et al., 2005a; Pfeiffenberger et al., 2005) ; here, we show that ephrin-A3 is also expressed in both the retina and SC during retinocollicular map formation. Unlike ephrins-A2 and -A5, ephrin-A3 is expressed uniformly in both of these regions (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
To determine whether ephrin-A3 contributes to the establishment of retinotopy in the SC, we compared the topographic maps of adult (older than P40) wild-type, ephrin-A3 Ϫ/Ϫ , ephrin-A2/ A3/A5 tko, and ephrin-A2/A5-dko-␤2 ϩ/Ϫ mice. We assayed map topography in adult mice to focus on mapping defects that cannot be compensated for by additional development or visual experience. We used ephrin-A2/A5-dko-␤2 ϩ/Ϫ mice in this comparison, rather than ephrin-A2/A5 dkos, because these could be subsequently used in our analysis of ephrin-A2/A5,␤2 tkos (see Figs. 5-7) . Whereas ␤2 mutant mice have defects in early postna-tal retinal wave formation, eye-specific segregation of inputs into the dLGN, and retinocollicular and retinogeniculate mapping, ␤2 heterozygous mice are indistinguishable from wild-type mice (Bansal et al., 2000) .
To characterize retinotopy, we anterograde labeled discrete subsets of RGCs from four retinal locations [NV, ND, TV, and temporal-dorsal (TD) ] with the lipophilic fluorescent tracer DiI and examined the termination patterns of RGCs in both the SC and dLGN. In wild-type and ephrin-A3 Ϫ/Ϫ mice, each retinal injection resulted in a single TZ that moved around the periphery of the SC in correlation with the injection site ( Fig. 1 A, D,G,J; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material).
In contrast to what was seen in wild type and ephrin-A3 Ϫ/Ϫ , DiI labeling of RGCs from both ephrin-A2/A5-dko-␤2 ϩ/Ϫ mice and ephrin-A2/A3/A5 tkos resulted in multiple TZs that were in topographically incorrect locations. Quantification of the number and location of TZs shows that ephrin-A3 has a statistically significant effect on map formation in this sensitized genetic background. For example, all injections in ephrin-A2/A3/A5 tkos gave rise to multiple TZs regardless of the retinal location (17 of 17 nasal; 17 of 17 temporal), whereas multiple TZs did not result from the majority of temporal axon tracings in ephrin-A2/A5-dko-␤2 ϩ/Ϫ mice (9 of 9 nasal; 4 of 10 temporal) ( Fig. 1 B , C; E, F; H, I; K, L; supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Furthermore, in the four ephrin-A2/A5-dko-␤2 ϩ/Ϫ temporal tracings with two TZs, the erroneously positioned TZs were small and only visible after sectioning (supplemental Fig.  3 , available at www.jneurosci.org as supplemental material).
NV and ND retinal injections, which normally project to the posterior-medial and posterior-lateral SC, respectively, produce multiple TZs that spread out along the A-P axis of the SC in both ephrin-A2/A5-dko-␤2 ϩ/Ϫ mice and ephrin-A2/A3/A5 tkos ( Fig. 1 D -F,J-L) . However, projections in ephrin-A2/A3/A5 tkos resulted in TZs significantly farther anterior than in the ephrin-A2/A5-dko-␤2 ϩ/Ϫ mice, with the position of the most anterior TZ offering the clearest distinction [average percentage A-P location (A ϭ 0,
TV and TD RGCs, which project to the anterior-medial and anterior-lateral SC, respectively, in wild-type mice, project in a mostly normal manner in ephrin-A2/A5-dko-␤2 ϩ/Ϫ mice ( Fig. 1 A-C,G-I; supplemental Fig. 3 , available at www.jneurosci. org as supplemental material). Similar injections in ephrin-A2/ A3/A5 tkos resulted in multiple TZs that could be found anywhere along the A-P axis. TD projections resulted in 2-4 TZs (mean, 3.3 Ϯ 0.9 TZs; n ϭ 9 mice), the positioning of which varied between mice. TV projections tended to produce 3 TZs (mean ϭ 2.7 Ϯ 0.5 TZs; n ϭ 10 mice) that remained restricted to the anterior one-half of the SC in all but one mouse ( Fig.  1 
A-C,G-I ).
Together, these results demonstrate that ephrin-A3 participates with ephrins-A2 and -A5 in the formation of retinocollicu- 
, L). A-L, Retinal axons from temporal-dorsal injections (A-C), nasal-dorsal injections (D-F ), temporal-ventral injections (G-I )
, and nasal-ventral injections (J-L) labeled by focal DiI injection were visualized in adult mice by fluorescence microscopy of SC whole mounts. The dotted line marks the boundary of the SC contralateral to the injected retina. Scale bar, 600 m. The insets are tracings of the flat-mounted retina and injection site (black dot) associated with each SC image. To the right of each image are intensity plot profiles of the SCs from every mouse analyzed for each genotype and injection position. Spikes in intensity are associated with TZs, with an arbitrary scale of pixel intensity ranging from 0 to 100 from gridline to gridline. A, Anterior; P, posterior;L,lateral;M,medial;D,dorsal;V,ventral;N,nasal;T,temporal;wt,wildtype;dko,ephrin-A2/A5doubleknock-out␤2 lar topography along the N-T mapping axis, and that mice without ephrins-A2, -A3, and -A5 have severely disrupted topography along this axis.
Retinogeniculate mapping defects in ephrin-A2/A3/A5 tkos
The retina also projects topographically to the dLGN, a 3-D beanshaped nucleus in the dorsal thalamus. Ephrins-A2, -A3, and -A5 are the three ephrin-As expressed in the dLGN; ephrins-A2 and -A5 are expressed in an AVL (anterior-ventral-lateral) (high)-to-PDM (posterior-dorsal-medial) (low) gradient, whereas ephrin-A3 is expressed at a low uniform level (Feldheim et al., 1998; Pfeiffenberger et al., 2005 ) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
To determine the requirement for ephrin-As in the establishment of retinogeniculate topography, we sectioned brains from the same DiI-injected mice (those used above for studying the SC maps) to reveal TZs in the dLGN. We then quantified both the number of TZs and their location along the A-P and DM-VL axes of the dLGN.
In wild-type mice, there is clear retinotopy in the retinogeniculate projection, with each retinal injection resulting in a single TZ in the dLGN . Consistent with what has been reported by others, we find that the N-T retinal axis maps onto the ventral-lateral-dorsal-medial axis of the dLGN, and the dorsal-ventral (D-V) retinal axis maps along the ventral-medialdorsal-lateral axis (Figs. 2-4) (Montero et al., 1967; Lund et al., 1974; Feldheim et al., 1998; Grubb et al., 2003) .
TZ morphologies in the dLGN are columnar rather than spherical, with the length of columns varying with retinal position (Figs. 2-4; supplemental Fig. 1 G, available at www.jneurosci. org as supplemental material). TZs from nasal RGCs extend farther anterior along the dLGN than those from temporal retina, whereas dorsal RGC TZs extend farther posterior than those from ventral retina. Columnar TZs are reminiscent of the functional lines of projection that cross eye-specific layers of the dLGN in binocular species, as determined by visually evoked physiological recordings (Bishop et al., 1962; Montero et al., 1967) . These columns could indicate the existence of equivalence zones of mapping information in the dLGN, allowing for functional subtypes of RGCs responsible for monitoring the same area of the visual field to segregate, yet still map together in a 3-D structure.
Ephrin-A2/A3/A5 tkos have severe topographic mapping errors in the retinogeniculate projection. In wild-type mice, NV axons (which terminate in the posterior-medial SC) terminate in the most anterior two to three of six 200 m coronal dLGN sections. Within these sections, the TZ is located very near the optic tract and roughly two-thirds down the long axis of the dLGN from the most dorsal point (Fig. 2 A;C,D) . In ephrin-A2/ A3/A5 tkos, there is a small but significant dorsal-medial shift of the NV projection TZ along the optic tract ( p Ͻ 0.001, Student's t test), as well as a notable posterior spread, with the TZ present throughout the three to four most anterior coronal sections (Fig.  2B-D) . This A-P positioning defect can also be seen in horizontal dLGN sections, which reveal both a significant posterior spread (position of most posterior edge of the TZ as a percentage of the A-P length of the longest dLGN section (see Materials and Methods): wild type, 24.0 Ϯ 5.0%; ephrin-A2/A3/A5 tko, 60.0 Ϯ 7.6%; p Ͻ Ͻ 0.0001, Student's t test) and two TZs along the A-P axis (Fig.  3A-D) .
ND DiI injections (which terminate in posterior-lateral SC) trace axons that project to the most posterior four to five coronal sections of the dLGN in wild-type mice (Figs. 2 E; G,H; 3E).
Within these sections, the TZ is positioned near the most ventral dLGN (Fig. 2 E; G,H ). ND projections in ephrin-A2/A3/A5 tkos result in two TZs that align along the A-P axis (Figs. 2 E-H, 3E-H ).
In ephrin-A2/A3/A5 tkos, the ipsilateral layer extends significantly farther ventral-laterally in the dLGN than in wild-type mice (Pfeiffenberger et al., 2005) . This erroneously positioned ipsilateral layer may limit the positioning options of the ND projection; in every case, we found the anterior-most ND TZ located between the ipsilateral patch and the lateral edge of the dLGN (four of four mice horizontally sectioned) (Fig. 3 F, G,  arrowheads) .
The TV retina (which terminates in anterior-medial SC) contains both contralaterally and ipsilaterally projecting RGCs. In wild-type mice, TV contralateral projections terminate in a single section in the middle of the dLGN along the A-P axis. Within this section, the TZ is positioned at the most dorsal-medial point of the dLGN near the optic tract (Fig. 4 A;C,D) . The ipsilateral projections also terminate within a single coronal section positioned in the anterior one-half of the dLGN (supplemental Fig. 4 , available at www.jneurosci.org as supplemental material).
In ephrin-A2/A3/A5 tkos, contralateral TV TZs are present in one or two sections in the middle of the dLGN along the A-P axis, with no significant A-P shift apparent in either coronal (Fig.  4 A-D) or horizontal sections (data not shown). The TZs remain adjacent to the optic tract, but shift ventral-laterally to nearly halfway down the long axis of the dLGN (Fig. 4 A-D) ( p Ͻ 0.002, Student's t test). Unlike NV and ND projections, TV projections resulted in a single TZ in all but one case (n ϭ 9 mice). Interestingly, in this exception, the pair of TZs mimicked a doublet seen in the ipsilateral projection (supplemental Fig. 5A , available at www.jneurosci.org as supplemental material). This could indicate an attempt by the two dLGNs to match their visual maps.
TD projections (which terminate in anterior-lateral SC) were found in the most posterior one-half of the dLGN, positioned along the ventral-lateral edge of the ipsilateral layer (Fig. 4 E; G,H ). In coronal sections, a ventral-lateral shift is apparent in ephrin-A2/A3/A5 tkos, with the position of some TZs resembling wild-type ND injections (compare Figs. 4 E-H, 2E ;G,H ). A branching TZ was apparent in a small number of cases (2 of 12 mice). In both of these cases, one arm of the TZ was present near the medial edge of the dLGN, whereas the other was shifted laterally toward the optic tract (supplemental Fig. 5B , available at www.jneurosci.org as supplemental material). There was considerable variability of TZ location along the A-P axis of the dLGN, ranging from TZs present in only one section near the posterior dLGN to extending throughout all but the most anterior section.
In summary, RGC TZs in the contralateral dLGN are topographic in nature and columnar in shape. As in the retinocollicular projection, adult mice mutant for ephrins-A2, -A3, and -A5 have defects in topography along the N-T mapping axis. There are two intriguing differences between the ephrin-A2/A3/A5 tko mapping phenotypes observed in the retinal projections to the 2-D SC and 3-D dLGN: (1) ephrin-A2/A3/A5 tko topographic mapping defects were less severe in the retinogeniculate projection than the retinocollicular projection, and (2) there were more TZs per injection in the SC than in the dLGN (as many as 6 TZs; mean, 2.9 TZs/injection; 24 of 24 mice with multiple TZs in the SC) (but never Ͼ2 TZs; mean, 1.4 TZs/injection; 9 of 22 mice with multiple TZs in the dLGN). For these reasons, it appears that the dependency on EphA/ephrin-A mapping mechanisms is unequal between these two direct retinal targets.
The mapping effects of ephrin-As and patterned retinal activity are additive To determine the role that ␤2-dependent patterned retinal activity plays in topographic map formation in the SC and dLGN, as well as the consequences of removing both ephrin-As and ␤2, we analyzed the topographic maps of ␤2 mutants and ephrin-A2/ A5,␤2 tkos. Because ephrin-A3 and ␤2 are genetically linked on chromosome 3, we were unable to create an ephrin-A2/A3/A5,␤2 Wild type is red, ephrin-A2/A3/A5 tko is blue, and overlap is purple. D, Dorsal; M, medial; A, anterior; P, posterior; N, nasal; T, temporal; V, ventral. Wild type, NV, n ϭ 6 mice; ND, n ϭ 5. Ephrin-A2/A3/A5 tko, NV, n ϭ 5; ND, n ϭ 6. quadruple knock-out. As shown previously at P14 and P21, we found that DiIlabeled subsets of RGCs in adult ␤2 mutants result in TZs that are positioned in the topographically correct locations of the SC and dLGN, but are larger and more diffuse. Although larger, the overall shape of the TZs in ␤2 mutants were similar to wild type, suggesting that ␤2-dependent mapping mechanisms may act along both the N-T and D-V mapping axis (Grubb et al., 2003; McLaughlin et al., 2003; Chandrasekaran et al., 2005) (Fig. 5; supplemental Fig. 6 , available at www.jneurosci.org as supplemental material). In the absence of ␤2 in combination with ephrin-A2/A5, we found that topographic order along the N-T mapping axis of the SC is nearly abolished. Both nasal and temporal ephrin-A2/ A5,␤2 tko retinal injections resulted in a single, large TZ that spread out along the majority of the A-P axis, albeit with some focus in the wild-type position ( Fig. 5; supplemental Fig. 7 , available at www. jneurosci.org as supplemental material). These TZs were very faint and diffuse, at times barely visible above background. This dimness often made determining the TZ boundaries difficult; however, in several cases (7 of 10 mice), TZs from temporal injections extended extensively posterior, in stark contrast to the nearly normal projection of temporal axons in ephrin-A2/A5-dko-␤2 ϩ/Ϫ littermates ( Fig. 5E,F ; supplemental Fig. 7 , available at www. jneurosci.org as supplemental material). Despite an almost complete abolishment of topography along the A-P axis of the SC, the TZs still maintained rough L-M topography.
RGC axons traverse the SC below the surface and then arborize in the superficial layer at the correct topographic location (Valverde, 1973; Sachs and Schneider, 1984) . To verify that the faint TZs seen in ephrin-A2/A5,␤2 tkos are not the result of decreased innervation of the SC or its superficial layer, we visualized DiI-labeled RGC axons in coronal SC sections to determine axonal morphology and termination sites. In ephrin-A2/A5,␤2 tkos, RGC axons branched into the superficial layer of the SC (supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). This suggests that the lack of both ephrin-As and ␤2-dependent retinal activity does not affect RGC pathfinding, target recognition, or layer specificity in the SC, but profoundly affects retinocollicular topographic mapping along the N-T mapping axis.
We next analyzed the retinogeniculate projections of ephrin-A2/A5-dko-␤2 ϩ/Ϫ mice and ephrin-A2/A5,␤2 tkos. Ephrin-A2/ A5-dko-␤2 ϩ/Ϫ mice have few mapping errors regardless of retinal position, producing TZs in similar locations as seen in wildtype mice (n ϭ 21 ephrin-A2/A5-dko-␤2 ϩ/Ϫ mice) (Figs. 6, 7) .
Notably, projections from most retinal positions had major topographic mapping errors in ephrin-A2/A5,␤2 tkos, resulting in faint and diffuse TZs, similar to that observed in the retinocollicular projection. In many cases, individual labeled-axons could be seen throughout the main TZ as well as the entire dLGN, at times ending in small terminations (Fig. 6, arrowhead) . In several instances, the TZs preferentially spread out along the N-T mapping axis, shifting ventral-laterally in the case of TD and TV axons (three of six TD; four of four TV) and dorsal-medially for NV axons (three of five mice) (Figs. 6, 7C-E).
Temporal injections produced TZs that spread out along the DM-VL axis (three of six TD; four of four TV); however, TV TZs remained pressed up against the optic tract and TD TZs against the medial edge as in wild type. The most elongated regions of the temporal TZs often appeared to break up into multiple terminations (Figs. 6C,D, 7C ,E) (5 of 10 mice with fragmented TZs). NV projections spread out along the optic tract, extended significantly posterior, and partially overlapped the TV TZ in multiple sections (Fig. 6) . Notably, the ephrin-A2/A5,␤2 tko ND projection was not affected to nearly the same degree as the other retinal regions. Similar to ND axons in ␤2 Ϫ/Ϫ , these TZs were diffuse, but not preferentially spread in a single direction (Fig. 7 A, B;D) . Overall, a loss of both ephrin-As and ␤2 results in a more severe retinogeniculate mapping phenotype than either alone, especially so for temporal RGCs; however, the mapping defects we find in this projection are not as strong as those of the retinocollicular projection.
Discussion
As is the case for many projections in the CNS, the projections from the retina to the SC and dLGN are arranged topographically. Mapping along the N-T axis of these connections has been proposed to use a combination of EphA/ephrin-A signaling (Feldheim et al., 1998 (Feldheim et al., , 2000 (Feldheim et al., , 2004 Frisén et al., 1998; Rashid et al., 2005) , patterned retinal activity-dependent axonal refinement (Ruthazer and Cline, 2004; Torborg and Feller, 2005) , and axonaxon competition to ensure innervation of the entire target (Walsh et al., 1983; Garraghty, 1995) ; however, the relative roles of each are not known. Here, using anterograde labeling of RGCs from four retinal poles, we provided the first thorough characterization of the topographic retinogeniculate projection in wildtype mice. We also showed that ephrin-A3 participates in mapping the N-T axis onto both the SC and dLGN. We find that mice mutant for the three ephrin-As expressed in the visual system have severe topographic mapping errors that vary in severity depending on retinal position and target nucleus. Finally, we report severely disrupted topography along the N-T axis in ephrin-A2/ A5,␤2 tkos, including a near absence of map in the retinocollicular projection, indicating that a combination of ephrin-As and patterned retinal activity are used to form topographic maps in the dLGN and SC (Fig. 8) .
Ephrin-A3 contributes to topographic map formation
In mice mutant for ephrins-A2 and -A5, topography along the N-T mapping axis is disrupted but not completely abolished, suggesting that additional factor(s) are required to map this axis. Ephrin-A3 is expressed in the dLGN, the SC, and the RGC layer of the retina (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material) (Pfeiffenberger et al., 2005) , and has been demonstrated to play a role, together with ephrins-A2 and -A5, in mapping several regions of the visual system (Cang et al., 2005a; Pfeiffenberger et al., 2005) . Here, we compared retinotopy in ephrin-A2/A5 dkos and ephrin-A2/A3/A5 tkos, and showed that ephrin-A3 indeed enhances the ephrin-A2/A5 dko mapping phenotype.
Because ephrin-As can act as both ligands and receptors in 4 Figure 5 . Ephrin-As and neural activity act together to establish the N-T mapping axis in the SC. Retinal axons labeled by focal DiI injection were visualized in adult mice by fluorescence microscopy of SC whole mounts. A-C, TV injections. D-F, NV injections. A, D, ␤2 heterozygous mice injected in the TV or NV retina have TZs that are shaped and positioned similar to wild type and give rise to a single TZ located at the extreme anterior-medial and posterior-medial SC, respectively. B, E, Similar injections in ␤2 mutant mice give rise to diffuse TZs that are in the topographically correct location. C, F, TV and NV injections in ephrin-A2/A5,␤2 tkos give rise to TZs that spread diffusely along the A-P axis of the SC. The insets are tracings of the flat-mounted retinas and injection sites (black dot) associated with each SC image. The dotted line represents the boundary of the SC contralateral to the DiI-injected eye. Anterior is at the top, and medial is to the right. Scale bar, 600 m. Graphs adjacent to each image are intensity plot profiles of the SCs from every mouse analyzed for each injection position and genotype, demonstrating the faint and diffuse nature of the ephrin-A2/A5-dko-␤2 ϩ/Ϫ (A25␤2) TZ, with a peak of intensity at the wild-type position. G, DiI injection size did not differ between wild-type and ␤2 Ϫ/Ϫ mice. The graph compares DiI injection size in the retinas of wild-type (n ϭ 16) and ␤2 Ϫ/Ϫ (n ϭ 21) mice. L, Lateral; M, medial; A, anterior; P, posterior; N, nasal; T, temporal; V, ventral. ␤2 ϩ/Ϫ , NV, n ϭ 3 mice; TV, n ϭ 4; ␤2 Ϫ/Ϫ , NV, n ϭ 3; TV, n ϭ 4. Ephrin-A2/A5,␤2 tkos, NV, n ϭ 6, TV, n ϭ 4.
retinal projections (Davy and Soriano, 2005) , it is not known whether ephrin-A3 function in topographic mapping is attributable to its expression in the retina, its targets, or both. Furthermore, it is unclear how the uniform expression pattern of ephrin-A3 provides guidance information. One possibility is that the uniform expression of ephrin-A3 is manipulated into a functional gradient. For example, cis-interactions with graded EphA receptors could inactivate ephrin-A3 via a masking mechanism (Carvalho et al., 2006) . Alternatively, if ephrin-A3 is acting as a receptor in the retina, it could be accompanied by a coreceptor expressed in a gradient. Future studies using mouse conditional knock-out technology will be needed to definitively resolve these issues.
The ephrin-A contribution to retinocollicular and retinogeniculate topographic map formation is unequal Our anterograde analysis of retinotopy in adult mice finds that the severe mapping defects that occur in ephrin-A2/A3/A5 tkos are more prominent in the retinocollicular than the retinogeniculate projection for both TZ positioning and number. For instance, in ephrin-A2/A3/A5 tkos, most topographic errors were shifted Ͻ50% of the length of the N-T mapping axis of the dLGN, but Ͼ70% in the SC, with nasal retinocollicular projections forming TZs in both the wild-type nasal and temporal locations (Figs. 1-4) . In addition, retinal axons projecting to the SC of ephrin-A2/A3/A5 tkos resulted in more TZs per injection than those targeted to the dLGN (SC mean, 2.9 term/injection, 24 of 24 mice with multiple TZs; dLGN mean, 1.4 term/injection, 12 of 22 mice with multiple TZs). These data reveal the differing influences of ephrin-A-dependent and -independent mapping mechanisms in these two primary visual areas.
Severely defective mapping of the N-T axis in the ephrin-A2/A5,␤2 tko retinocollicular projection
The development of normal retinotopy has been shown to depend on a type of patterned retinal activity termed retinal waves. ϩ/Ϫ (A25␤2 ϩ/Ϫ ), and ephrin-A2/A5,␤2 tko mouse (A25␤2) analyzed for each retinal position. Each color represents one mouse in each genotype and injection position. Dorsal-medial is up, and medial-ventral is right. E, Schematic represents the ephrin-A2/A5,␤2 tko TZ positions in 3-D, demonstrating that NV and TV projections shift toward one another along the optic tract, but do not reach the opposite pole. NV is red, and TV is blue. D, Dorsal; M, medial; N, nasal; T, temporal; V, ventral. Wild type, NV, n ϭ 6 mice; TV, n ϭ 4. Ephrin-A2/A5-dko-␤2 ϩ/Ϫ , NV, n ϭ 5; TV, n ϭ 4. Ephrin-A2/A5,␤2 tko, NV, n ϭ 5; TV, n ϭ 4.
Much recent work has used mice mutant for the ␤2 subunit of the nAChR as a model to study the role of retinal waves in visual map development (Rossi et al., 2001; Muir-Robinson et al., 2002; Grubb et al., 2003; McLaughlin et al., 2003; Chandrasekaran et al., 2005) . ␤2 Ϫ/Ϫ mice have similar levels of spontaneous retinal activity as wild type; however, they do not form retinal waves during the first postnatal week. These mice also have defects in axonal refinement, which result in minor mapping errors in the retinal projections to the SC and dLGN. Previous work using physiological recordings of visual responses have shown that ␤2 mapping errors are more severe along the N-T axis than the D-V mapping axis (Muir-Robinson et al., 2002; Grubb et al., 2003; McLaughlin et al., 2003; Chandrasekaran et al., 2005) .
To determine whether ␤2-dependent retinal activity is responsible for the remaining topography observed in ephrin-A2/ A3/A5 tkos, we compared the topographic maps of wild-type, ␤2
Ϫ/Ϫ , ephrin-A2/A5-dko-␤2 ϩ/Ϫ , and ephrin-A2/A5,␤2 tko mice. Similar to what has been seen previously with anatomical tracing at P14 and P21 (Grubb et al., 2003; Chandrasekaran et al., 2005) , we see that adult mice mutant for ␤2 have defects in RGC termination refinement, resulting in TZs that are larger and more diffuse than wild type (Fig. 5; supplemental Fig. 6 , available at www.jneurosci.org as supplemental material).
Our analysis of mice deficient for both ephrin-As and ␤2 identified a near absence of map along the N-T mapping axis of the SC ( Fig. 5; supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). DiI injections in these mice led to a smear of arbors along the entire A-P axis, demonstrating that the N-T mapping information that remains in ephrin-A2/A3/A5 tkos is regulated by ␤2-dependent correlated retinal activity, and that these two mechanisms encode the bulk of N-T topographic mapping information. Although our studies have focused on the mapping mechanisms of the N-T axis, it is likely that ␤2-dependent correlated neural activity will combine with EphB/ ephrin-B-and/or Wnt-signaling to map the D-V retinal axis (Hindges et ϩ/Ϫ (A25␤2 ϩ/Ϫ ), and ephrin-A2/A5,␤2 tko mouse (A25␤2) analyzed for each retinal position. Each color represents one mouse in each genotype and injection position. Dorsal-medial is up, and ventral-medial is right. D, Schematic demonstrates the ephrin-A2/A5,␤2 tko TZ positions as seen in coronal sections in a 3-D dLGN, demonstrating that, although TD projections spread to the ND wild-type position, ND projections do not have a noticeable change. ND is green, and TD is yellow. D, Dorsal; M, medial; N, nasal; T, temporal; V, ventral. Wild type, ND, n ϭ 5 mice; TD, n ϭ 5. Ephrin-A2/A5-dko-␤2 ϩ/Ϫ , ND, n ϭ 4; TD, n ϭ 5. Ephrin-A2/A5,␤2 tko, ND, n ϭ 4; TD, n ϭ 6.
How does retinal activity provide topographic information? Activity might play a direct role, in which EphA/ephrin-A interactions control the orientation and rough topography of retinocollicular projections, whereas correlated retinal activity organizes local neighbor-neighbor relationships of RGC axons via correlated firing patterns that reward these axons that are in competition for synaptic space. Alternatively, in a mechanism similar to that proposed to explain how spontaneous spinal cord activity regulates motor neuron pathfinding decisions (Hanson and Landmesser, 2004) , retinal activity may regulate the function or expression of non-ephrin-A axon guidance molecules that provide N-T mapping information. For example, if N-T topography is governed by two sets of graded repellent molecules (for instance, ephrin-As and engrailed) (Brunet et al., 2005) and the expression or the release of engrailed is regulated by neural activity, then the combined removal of ephrin-As and ␤2 would eliminate all mapping information.
Although our analysis of the retinogeniculate mapping defects of ephrin-A2/A5,␤2 tkos showed that ephrin-As and activity both contribute to mapping, this map is not as severely disrupted as the retinocollicular projection. As was the case for ephrin-A2/ A3/A5 tkos, the retinogeniculate mapping defects varied in severity based on retinal location. In many cases, projections from NV and TV retina spread toward one another in the dLGN and partially overlapped, yet never reached the opposite end of the N-T axis (three of six NV projections and four of four TV projections with partial overlap). We also found that, although TD RGC projections into the dLGN could spread out along the entire local N-T axis (three of six mice), the ND projection never spread significantly away from the topographically correct position. Therefore, the ␤2-dependent retinal waves alone cannot account for the remnant N-T mapping information remaining in the ephrin-A2/ A3/A5 tko dLGN.
Notably, we find that in both ephrin-A2/A3/A5 tkos and ephrin-A2/A5,␤2 tkos, the retinocollicular maps are more disrupted than the retinogeniculate maps. This disparity may arise from the difference in dimensionality between the dLGN (3-D) and the SC and retina (2-D). It is unclear how a 2-D area like the retina maps onto such a 3-D structure. One possibility is that the dLGN is comprised of "equivalence zones" that are innervated by all RGC subtypes responsible for monitoring a particular location of the visual field. In some species, RGC subtypes are segregated into sublaminas (Cramer and Sur, 1997) , but less is known about subtypespecific mapping in mice. Interestingly, although not segregated in wild-type mice, RGC on and off cells become segregated in ␤2 mutant mice (Grubb et al., 2003) . This suggests that ␤2-dependent cues prioritize topographic mapping at this point in development, such that they can override subtype clustering when it conflicts with the establishment of topography; however, there are mechanisms that act to group these cell types in the absence of ␤2-dependent cues. These underlying mechanisms could be responsible for the more normal maps we see in the ephrin-A2/A5,␤2 tko dLGN, compared with the SC. A strong candidate that may facilitate this role is the ␤2-independent retinal waves that occur during the second and third postnatal weeks. Mice with defects in these ACh-independent retinal waves fail to maintain normal segregation of eye-specific layers in the dLGN (Demas et al., 2006) ; however, the role of these waves in topography has not been addressed. It remains possible that these waves, or perhaps visually driven activity, can provide positional information used to maintain or establish retinotopy in the dLGN.
The development of CNS connectivity uses a combination of activity-independent and -dependent mapping mechanisms. The relative contributions of each may vary between species and even between different brain areas within the same species. Here, we show that both ephrin-As and ␤2-dependent correlated retinal activity are important for topographic mapping of both the retinocollicular and retinogeniculate projections, although the relative importance differs between these visual areas. The mechanisms by which genetic and environmental cues act to map the mouse visual system are likely to be shared in the development of more complex brain circuitry, like that which governs human Figure 8 . A combination of ephrin-As and ␤2-dependent retinal activity is required to map the N-T mapping axis of the retinocollicular and retinogeniculate projections. Wild-type mice have gradients of EphA and ephrin-A expression in both the retina and its subcortical targets, the SC and dLGN, and patterned retinal activity in the form of waves. In ephrin-A2/A3/A5 tkos, retinal waves still persist, and these mice exhibit mapping defects in the SC and dLGN that are constrained to the N-T mapping axis. In ephrin-A2/A5,␤2 tkos, both ephrin-As and correlated retinal activity are disrupted, leading to stronger mapping defects in both visual structures, resulting in a near absence of map in the SC. Although retinogeniculate mapping is disrupted in both ephrin-A2/A3/A5 tkos and ephrin-A2/A5,␤2 tkos, topographic bias still exists in both genotypes, suggesting that other guidance mechanisms remain in this system. DiI injection positions are color coded in the retina, with the color maintained in the SC and dLGN TZs. Tracings adjacent to "cholinergic waves" represent the correlated activity of neighboring RGCs during the first postnatal week that is uncorrelated in ␤2 mutants. D, Dorsal; N, nasal; T, temporal; V, ventral; A, anterior; P, posterior; M, medial. behavior. Investigation of the relative influences of ephrins and neural activity in the establishment of topographic maps in the visual system provides insight into how activity can alter circuits within genetically predisposed limits.
